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Introduction
Water is one of the world's most valuable natural resources. The scarcity of water is increasing substantially worldwide because of population growth, water pollution, industrialization, and climate change [1, 2] . The water sources such as rivers, lakes and ground water are being contaminated continuously through the indirect or direct discharge of pollutants from various type industries [1, 3] . Therefore, efficient, low-cost and robust methods are required for purification of contaminated water [2, 4] .
Owing to high process efficiency, low energy consumption and easy scale-up, membrane filtration processes for production of fresh water have been extensively applied [3, 5] . However, membrane fouling is a severe problem for many applications of membrane based filtration processes.
Fouling occurs via non-specific interactions between the foulants and the hydrophobic membranes [6] [7] [8] [9] . The foulants including organic biological substances are susceptible for deposition on the membrane surface or inside the membrane pores during the contaminated water filtration. Membrane fouling leads to a decline in permeability and an increase in operation cost as well as to a deterioration in membrane performance [10, 11] . Ultrafiltration membranes are used for filtration of proteins, viruses, or natural organic matter (NOM) contaminated water at known pH and constant feed pressure. Commercial ultrafiltration membranes suffer from tradeoff between their permeability and selectivity [12] . Highly permeable and selective membranes with improved antifouling performance are needed for water purification and filtration applications.
Self-assembled block copolymer isoporous membranes have high water flux and selectivity due to their narrow pore size distribution and high porosity [13] [14] [15] . The isoporous membranes are produced through a one-step procedure by combining selfassembly of amphiphilic block copolymers (e.g. PS-b-P4VP) and non-solvent induced phase separation, sometimes called self-assembly and non-solvent induced phase separation (SNIPS) method. The SNIPS method results in isoporous membranes composed of a uniform nanoporous surface (the separation layer) supported by a spongy macroporous sublayer [15] [16] [17] . Qiu et al. fabricated positively charged isoporous membranes from the self-assembly of amphiphilic polystyrene-b-poly-4-vinylpyridine block copolymer via the SNIPS method. The heterogeneous quaternization reaction was then conducted using 2-chloroacetamide to introduce charge in the barrier layer of the membrane. The selectivity of the membranes in separation of bovine serum albumin from haemoglobin in a mixture model solution was 10 times higher than the selectivity of conventional UF membranes [15] .
Membranes with high molecular weight cut-off (MWCO) show generally a strong flux decline during the filtration of foulants containing solutions [18] . The same problem occurs when isoporous membranes are used in ultrafiltration of foulants containing solutions. Therefore, it is highly desirable to improve the antifouling ability of the isoporous membranes without disturbing their morphology through the hydrophilic modifications and subsequent functionalization with low fouling molecules. Hydrophilic modifications of membranes can be carried out through surface grafting or surface coating methods [19] . Surface coating is a simple approach to improve membranes hydrophilicity. However, coatings adhere often weakly to the surface of membranes and can be detached rapidly during filtration [20] . Thus, the adhesion of coatings to the surface of membranes should be robust so that the modified membranes can be used efficiently in filtration processes. PDA coating has received significant attention for surface modification of substrates and membranes.
The formation of a PDA layer on the surface of any substrate/membrane occurs through the oxidative self-polymerization of dopamine in a weak alkaline tris-buffer solution [11, 20, 21] . The thin layer of PDA adheres firmly on the substrates or membranes in wet condition by covalent and non-covalent interactions such as π-π stacking, hydrogen bonding and electrostatic interactions [21, 22] . In addition, the thin layer of PDA is not delaminated from the surface of various coated substrates even after a strong ultrasonication treatment [23] .
The water flux of PDA modified membranes is enhanced due to the increased hydrophilicity caused by the hydroxyl groups on their surfaces [20, 24, 25] . Amine or thiol groups containing biomolecules can be attached covalently onto the PDA modified membranes either by Schiff-base or Michael addition reaction at elevated temperature [26, 27] . L-cysteine has been explored to reduce adsorption of protein on the membranes and simultaneously improve their antifouling ability. L-cysteine belongs to a zwitterionic type material which contains both amine (-NH 2 ) and carboxyl (-COOH) groups [27, 28] . For example, Li et al. grafted zwitterionic L-cysteine on PDA coated poly(ethylene terephthalate) membranes by conducting a Michael addition reaction at 80 o C. The antifouling ability of modified membranes with protein solutions in a static adsorption was improved after anchoring L-cysteine [27] .
In the view of the beneficial facts mentioned above, efforts were made to fabricate antifouling and high flux PS-b-P4VP isoporous membranes via surface modification with PDA coating and subsequently L-cysteine functionalization using a Michael addition reaction. We hypothesize that the coating of a PDA layer followed by the grafting of Lcysteine would lead to enhanced water flux and antifouling performance of PS-b-P4VP isoporous membranes. The surface composition of the modified and unmodified membranes was analyzed with X-ray photoelectron spectroscopy (XPS). The fabricated membranes were characterized in detail by scanning electron microscopy (SEM), atomic force microscopy (AFM), contact angles and zeta potential measurements. The water fluxes and antifouling performances of the membranes were determined by ultrafiltration of foulants solution and subsequent cleaning with DI water. The fully characterized membranes were further tested in ultrafiltration experiments of humic acid and natural organic matter contaminated solutions at constant feed pressure.
Experimental

Materials
Polystyrene-b-poly-4-vinylpyridine block copolymer P9957-S4VP (PS-b-P4VP 139,000-b-40,000 g/mol; PDI = 1.1) was purchased from Polymer Source, Inc., Tetrahydrofuran (THF) was received from Fischer Scientific. All chemicals were used without any further purification. The 10 mM Tris-buffer solution was prepared according to the previously reported protocol in the literature [29] . Deionized (DI) water purified with a Milli-Q system (Millipore, Inc.) was used in this study.
Membrane fabrication
The isoporous membrane was prepared from a polymer solution containing 16.6 wt% PS-b-P4VP block copolymer in a ternary mixture of 27.8 wt% DMF, 27.8 wt% 1,4-dioxane and 27.8 wt% THF. PS-b-P4VP was dissolved in the mixture of solvents by continuous mechanical stirring for 24 h at room temperature (RT). The solution was then cast on a glass plate using a casting knife with a gate height of 200 μm. The glass plate along with polymer solution film was left for 10 s at RT to partially evaporate solvents and then immersed in a DI water coagulation bath until the membrane was detached. The membranes were taken out and subsequently stored in DI water bath for 24 h to remove traces of solvents. The membranes were finally dried at RT for further characterizations and modifications.
Modification of isoporous membranes
The modification of the membranes was carried out in two steps via polydopamine coating and Michael addition reaction at elevated temperature [21, 27, 30] . For thin layer coating of PDA, membrane pieces (25 mm in diameter) were 
Membrane characterization
The surface morphology of the modified and unmodified membranes was observed using a field emission scanning electron microscopy (FESEM and hemispherical analyzer with a resolution from 0 to 0.5 eV. All spectra were recorded at an aperture slot of 700 × 300 μm. The zeta potential measurements were carried out to determine the surface zeta potential (ζ) of the membranes in the pH range from 3 to 10 using an Anton Parr SurPass Electrokinetic Analyzer (Anton-Paar, GmbH, Austria). For all experiments, a 10 mM solution of NaCl was used as the background electrolyte and the solution pH was adjusted automatically by addition of 10 mM HCl or NaOH. The streaming current was measured and the surface zeta potential was calculated by utilizing the Helmholtz-Smoluchowski equation [31] .
To elucidate the water binding capacity of the membranes in detail, the free and bound water fraction values (%) were obtained from DSC thermograms of the membranes in wet state. The peak due to the presence of freezable water for unmodified (M1) and modified membranes appeare in the range from -4 to -6 o C.
The obtained endothermic peaks for the membrane are clearly visible (Fig. S1 , Supporting Information). The free water fraction ( f ; %) in the membranes was determined using eqn (1) [32, 33] :
where, H m is the melting enthalpy for freezable water in the membrane; the details are reported in previously published papers [32, 33] . The bound water fraction ( b ; %) was then determined by subtracting the free water fraction ( f ; %) from the water uptake (; %). The procedure to determine water uptake of the membranes is described in Section S1, Supporting Information. The hydrophilicity of the membranes was characterized by determining their contact angle values using a contact angle goniometer (FM40, Kruess GmbH, Germany) equipped with a video capture. For static and dynamic contact angle measurements, 5 L of DI water was dropped onto the membrane surface and the sessile drop method was applied to obtain contact angle values. Images of the water droplets were captured using a video camera (Stingray model, Allied Vision Technology, USA). To minimize the experimental errors, the contact angle was taken at least four random locations of the membrane and the average values were then reported. The surface free energy was further calculated using the Young-Dupre equation (eqn (2)) [34] :
where, θ is the measured water contact angle (deg.) and is the surface tension of water (72.8 mJ m -2 ).
Pure water flux measurement and antifouling performance
The pure water flux of the membranes was measured using a stirred dead-end ultrafiltration cell (Amicon 8010, Millipore Co., USA) at 0.5 bar feed pressure. The ultrafiltration cell was connected to a reservoir of 1 L capacity, which was pressurized by N 2 gas from a cylinder. A circular piece of the membrane (25 mm diameter) was fixed in the cell and DI water was then passed for 15 min at 0.5 bar feed pressure. The weight of the collected DI water was measured on a digital balance (Metteler Toledo Inc., UK). The water flux was calculated as follows:
where, V is the volume of DI water (L), t is the permeation time (h) and A is the membrane area.
The antifouling ability of the membranes was assessed in details by static adsorption and dynamic ultrafiltration of 100 ppm foulant solution. BSA, HA and SA were selected as model foulants because these are major constituents of natural organic matters [35, 36] . Circular membrane pieces (1.54 cm 2 effective area) were immersed into vials containing 10 ml solution of foulant (1 mg ml 1 ). The vials were (5):
The rejection (R; %) capacity of the membranes for individual foulant was determined using the eq n (6):
where, C p and C f are the concentrations of the foulant in permeate and feed solutions (mg/ml).
Ultrafiltration of humic acid and natural organic matter solutions
Ultrafiltration of HA solutions was conducted in a dead-end stirred ultrafiltration cell using the membranes at varied feed concentrations (5, 10, 20, 50 and 100 ppm), pH 7 and 0.5 bar feed pressure. HA solution of known concentration with pH 7 was filled into the reservoir and then passed through the membranes for 1 h. The concentration of HA in the feed and the permeate solutions was determined after the end of each experiment. The membranes were also tested in ultrafiltration experiments of a synthetic solution of NOM in DI water for assessing their practical application.
The synthetic solution of NOM was prepared according to the previously reported protocol in the literature i.e., the foulants (BSA, SA and HA) of 10 mg/ml concentration were dissolved in DI water containing 1 mM CaCl 2 and 7 mM NaCl [35] . The synthetic solution of NOM was further filtered using the membranes for 1 h at pH 7 and 0.5 bar feed pressure with a stirring speed of 400 rpm. Thereafter, backwashing of the used membranes was carried out with DI water for 10 min to remove weakly adhered fractions of NOM. The water flux of the cleaned membranes was measured again. Antifouling ability of the membranes with a synthetic solution of NOM was analyzed using the resistance-in-series model as shown in equation (eqn (7)) [35] :
( )
The R m , R r , R ir and R t values were calculated using eqn (8), (9), (10) and (11) [35]: 
Results and discussion
The highly ordered self-assembled pores perpendicular to the membrane surface are accountable to obtain high flux and sharp molecular weight cut-off isoporous membranes [13, [15] [16] [17] . Therefore, highly ordered isoporous membranes were fabricated from PS-b-P4VP block copolymer by the SNIPS method [13, 17] . The fabricated membrane was first coated with a mussel-inspired polydopamine by dip coating in an aqueous solution of dopamine. The dopamine in aqueous solution containing dissolved oxygen gets oxidized at pH 8.5 and forms 5,6-dihydroxyindole. Then the 5,6-dihydroxyindole undergoes intramolecular oxidative polymerization and noncovalent self-assembly to produce PDA particles/aggregates which deposits on the surface of the membranes [11, 21] . The PDA coated layer on the membrane surface was confirmed from the change in membrane color from off-white into dark brownish. The modified membranes were further functionalized with L-cysteine via a
Michael addition reaction to obtain high flux and antifouling membranes (Scheme 1).
Scheme 1.
Reaction route for modification of PS-b-P4VP isoporous membrane through an adhesion of polydopamine layer followed by Michael addition reaction at 50 o C.
Surface morphologies of the membranes
The surface SEM images of the membrane PS-b-P4VP; M1, PS-b-P4VP-PDA; M2 and PS-b-P4VP-PDA-Cys; M3 are shown in Figure 1 . The membrane M1 has an asymmetric structure with highly ordered pores perpendicular to the membrane surface with high pore density and a non-ordered spongy sublayer (Fig. 1a) . A slight change in the surface morphology and pore size of PDA coated membrane M2 was observed. This could be attributed to adhesion of the PDA on the membrane surface after modification. The membrane surface became smoother and the isoporous structure was retained when the PDA coated membrane was functionalized with L-cysteine (Fig. 1c) . Furthermore, the average pore size of M1 and M3 was calculated from their surface SEM images using Image J software for at least 200 pores [17] . The average pore size for membrane M1 was 38.7 nm (σ = ± 6.6 nm) and for membrane M3 was 32.05 nm (σ = ± 7.1 nm).
Two and three dimensional AFM images of the unmodified and modified membranes are presented in Fig. 2 . These images are clearly indicating that the surface morphologies of the modified membranes did not change. The surface roughness parameters (the average roughness; R av , the root mean square roughness; R rms and the maximum roughness; R max ) were obtained from AFM images using Gwydion software. The obtained values are tabulated in Table S1 , Supporting Information.
The R av , R rms and R max values for the unmodified membrane M1 were 8.5, 10.6 and 10.6 nm, respectively, which are higher values than those obtained for modified membranes (cf . Table   S1 ). R av values for membranes were decreased after coating of the PDA and subsequent functionalization with zwitterionic L-cysteine. For the PDA coated membrane M2, the R av value was 5.8 nm which is lower than the R av value (8.5 nm) of unmodified membrane M1.
This is attributed to uniform deposition of PDA on the surface of isoporous membrane M1 (Fig. 1) . In addition, R av value declined further to 5.4 nm after anchoring L-cysteine onto the PDA modified membrane M2. This was possible due to the good attachment of L-cysteine on the surface of the membrane M2. These results are in agreements with previously reported observations [37] . The surface roughness affects membranes fouling and their antifouling ability is enhanced with decrease in surface roughness [37, 38] . Thus, the membrane M3
would be suitable for filtration of solution containing NOM at known pH and constant feed pressure.
Membrane surface composition and charge characteristics
XPS analysis was explored to determine the surface composition of unmodified and modified membranes. The XPS spectra and the elemental compositions of the membranes are presented in Fig. 3 and Table 1 . Compared with the unmodified membrane M1, the peak intensities and atomic percentage (%) of both O1s and N1s were enhanced after PDA adhesion i.e., membrane M2 ( Fig. 3b and Table 1 ). The obtained results demonstrated successful coating of PDA on the membrane via selfoxidative polymerization of dopamine at alkaline pH 8.5. Two new peaks (S2s and S2p) appeared in the XPS spectrum of L-cysteine functionalized membrane M3 (Fig. 3c) . The atomic percentage (%) of O1s and N1s on the surface of membrane M3 further increased to 16.2 and 9.2%. The total atomic percentage of sulfur atoms for membrane M3 was 5.9%. The appearance of sulfur peaks S2s and S2p confirmed grafting of L-cysteine through a Michael addition reaction [27, 30] . The surface zeta potential values (Fig. 4) provide information on the charge characteristics of the unmodified and modified membranes.
The surface zeta potential of the unmodified membrane M1 was positive in acidic pH from 3 to 5 and then altered to negative as the pH changed from 5 to 9. This is ascribed to the preferential adsorption of cations (Na + or H + ) in acidic pH or adsorption of anions (Cl -or OH -) on the membrane in alkaline pH [17, 39] . The surface zeta potential of PDA coated membrane M2 was positive (below the isoelectric point) and negative (above the isoelectric point of the membrane M2) due to the amphoteric nature of PDA [40] . The positive/negative surface zeta potential values for membrane M2 were significantly lower than that of the membrane M1, which could be due to the retardation in the adsorption rate of anions or cations to the surface of membrane M2 by the hydrophilic PDA [33] . Moreover, the positive/negative surface zeta potential values of L-cysteine functionalized membrane M3
were noticeably increased in the studied pH. The surface zeta potential values (-43.9 mV, -37.3 and -56.7 mV) are demonstrating the negatively charged nature of the unmodified and modified membranes at pH 7. Fig. 4 . The surface zeta potential values for unmodified and modified membranes at varied pH.
Hydrophilicity and water flux of the membranes
The hydrophilicity of the membranes was evaluated by determining their water uptake and water contact angle values. The water uptake values are presented in Table S2 , The water flux of the unmodified and modified membranes at 0.5 bar feed pressure is presented in Fig. 6a . It was found that the water flux of PDA coated membrane M2 and Lcysteine functionalized membrane M3 was comparable to the unfunctionalized membrane M1 even though the pore size of the modified membranes was reduced slightly. The water flux at varied pH is depicted in Fig. S4 , Supporting Information. The pH responsive flux of the membranes remains unchanged after modifications. The foulants solution flux for unmodified and modified membranes is also presented in Fig. 6a . The foulants solution flux decreased when DI water was replaced with 100 ppm solution of the foulant. The reduction in flux of the foulants solution could be due to concentrationpolarization and membrane fouling [41, 42] . However, the flux reduction of foulant solution due to concentration-polarization was negligible because ultrafiltration of an individual foulant solution was carried out at a high stirring speed of 400 rpm. Thus, the membrane fouling by the adsorption of foulants led to the flux reduction. The rejection (%) of the foulants by the unmodified and modified membranes is shown in Fig. 6b , which depends on the size of foulants [36, 41] . The rejection of SA was higher than the rejection of HA and BSA because of its larger size [41] . The L-cysteine functionalized membrane M3 shows rejection of 85.8 % of SA (conc. 100 ppm, pH = 7).
Antifouling capacity of the membranes
BSA, SA and HA were chosen to evaluate antifouling ability of the membranes in static adsorption and dynamic ultrafiltration of 100 ppm solution of the individual foulant. The foulant (BSA, SA and HA) adsorption results for unmodified and modified membranes at pH 7 are shown in Fig. 7a . The adsorbed amount of the foulants on the membranes was gradually decreased after PDA coating and L-cysteine functionalization. This is ascribed to an improvement in hydrophilicity of the modified membranes (cf. Fig. 5 ). 
Membrane performance in ultrafiltration of humic acid and synthetic NOM solutions
The L-cysteine modified membrane M3 was applied in ultrafiltration of HA solutions with varied concentration in the range from 5 to 100 ppm at pH 7 and 0.5 bar feed pressure. The obtained HA rejection (%) for membrane M3 is illustrated in Fig. 8 . The HA rejection (%) by the modified membrane M3 was enhanced first with increase in feed concentration of HA solution from 5 to 10 ppm. The membrane M3 has a rejection of 80% HA of 10 ppm solution at pH 7 because the transport of the negatively charged HA molecules was hindered by the negatively charged membrane (cf. Fig. 4) . However, the rejection of HA (%) for membrane M3 declined with increase in feed solution concentration from 10 to 100 ppm. This is related to the charge density of the membranes for retaining HA molecules with the same charge. This observation was supported by the change in the surface colour of the unmodified and modified membranes (Fig. S5, Supporting Information) . The surface of the unmodified membrane M1 altered from off-white to reddish-brown colour when ultrafiltration of NOM solution was carried out and some fraction of the cake-layer remained even after backwashing with DI water. However, the reddish-brown colour of the modified membrane did not change and the cake-layer from the surface of membrane disappeared after backwashing with DI water. The modified membrane M3 was effective in ultrafiltration of NOM solution at pH 7. Additionally, the resistance in-series model was applied to determine various resistances parameters during ultrafiltration of NOM contaminated solution and the obtained parameters are illustrated in Table 2 . 
Conclusions
PS-b-P4VP based isoporous membrane was fabricated by the SNIPS method and a PDA coating was applied at pH 8.5 and room temperature. L-cysteine was then anchored onto the PDA modified membranes through a Michael addition reaction. It was observed that the surface morphology of the unmodified and modified membranes did not change. The XPS analysis results confirmed a successful grafting of PDA and L-cysteine onto the membranes.
All membranes were negatively charged at pH 7; the L-cysteine modified membrane M3 had the highest negative surface zeta potential (-56.7 mV). The hydrophilicity of the modified membranes was improved after anchoring PDA and L-cysteine. The high water flux and pHresponsive behavior of the membranes retained after the PDA/cysteine grafting. Because of the high hydrophilicity and the negative surface charge the modified membranes had improved antifouling performance with foulants (BSA, HA and SA) and NOM contaminated solutions during ultrafiltration. The FRR values for the PDA/cysteine functionalized membrane were 80, 82 and 88.2% after ultrafiltration of foulant solution. The reversible fouling ratio (R r ) and the irreversible fouling ratio (R ir ) values were significantly reduced when the membrane M3 was applied in ultrafiltration of NOM contaminated solution.
Overall, the modified membrane M3 had self-cleaning ability and better performance in ultrafiltration of either HA or NOM contaminated solutions. The modified membranes can be applied efficiently in water purification and removal of NOM from the contaminated water. 
